Problem solving Multi-voxel pattern analysis Hidden Markov Models Intelligent tutoring systems Model discovery a b s t r a c t Multivariate pattern analysis can be combined with Hidden Markov Model algorithms to track the second-by-second thinking as people solve complex problems. Two applications of this methodology are illustrated with a data set taken from children as they interacted with an intelligent tutoring system for algebra. The first "mind reading" application involves using fMRI activity to track what students are doing as they solve a sequence of algebra problems. The methodology achieves considerable accuracy at determining both what problem-solving step the students are taking and whether they are performing that step correctly. The second "model discovery" application involves using statistical model evaluation to determine how many substates are involved in performing a step of algebraic problem solving. This research indicates that different steps involve different numbers of substates and these substates are associated with different fluency in algebra problem solving.
Introduction
Psychology has always been challenged by the task of scaling its methods to the complexity of cognition. The methodology of choice for much of its history has been reaction time, which has shown considerable success in analyzing the structure of cognition in the subsecond range. Neuroimaging techniques, particularly ERP with its high temporal resolution, have also had success in that time range. But what happens when a participant is challenged by a difficult problem, thinks about it for a period measured in minutes, and announces the answer? Newell and Simon (1972) , when faced with the challenge of understanding such problem solving, decided to tackle this in the most direct way possible and simply ask the participant to tell them what they were thinking. While verbal protocols have been subject to challenges (Nisbett & Wilson, 1977) , this methodology has borne considerable fruit (Ericsson & Simon, 1993) . Eye movements offer a less intrusive way of tracking thought and also have had some success (Salvucci & Anderson, 2001 ). However, when problems really get hard, participants will often want to shut up, close their eyes or look away, and think.
The goal here is not to criticize current methods for analyzing brief cognition or extended cognition, but rather to describe a new methodology for tracking the sequential structure of thought. This methodology combines Hidden Markov Models * Tel.: +1 412 417 7008; fax: +1 412 268 2844. . The paper will illustrate the potential of the methodology with two applications involving an intelligent tutoring system.
Cognitive Tutors
At Carnegie Mellon University we have developed a successful approach to computerized instruction called Cognitive Tutors (Anderson, Corbett, Koedinger, & Pelletier, 1995) . These tutors focus on the instruction of mathematics and are widely used. For instance, the Algebra Tutor (Ritter, Anderson, Koedinger, & Corbett, 2007 ) is currently deployed in over 2600 schools throughout the United States and interacts with approximately 500,000 students each year. They are called Cognitive Tutors because they are built on cognitive models that solve problems in the same way that students do. They individualize instruction by two processes called model tracing and knowledge tracing. Model tracing uses a model of students' problem solving to interpret their actions. It does this by finding a path of cognitive decisions that produces a match to the observed actions. Given such an interpretation, the tutoring system is able to provide real-time instruction individualized to where a student is in the problem. The second process, knowledge tracing, involves inferring what skills the student has mastered and then selecting new problems and instruction suited to that student's knowledge state.
